Texas Water Development Board
Report ###

Final Report: Groundwater
Availability Model for the Central
Portion of the Sparta, Queen City,
and Carrizo-Wilcox Aquifers

by

Steven Young PhD, PE, PGNTERA Incorporated
Marius JigmondINTERA Incorporated

Toya Jones, PANTERA Incorporated

Tom Ewing PhD, PEFrontera Exploration Consultants

Contributors:

Sorab Panday, PhD, GSI Environmental Inc.
RW Harden, RW Harden & Associates
Daniel Lupton, INTERA Incorporated

Septembel018



Final Report: Groundwater Availability Model for the Central Portion
of the CarrizeWilcox, Queen City, and Sparta Aquifers

This page is intentionally blank.

Vol 1-ii



Final Report: Groundwater Availability Model for the Central Portion
of the CarrizeWilcox, Queen City, and Sparta Aquifers

Geoscientist andengineering Seal

H H H SO\
Dr. Steven Young was the project manager and was primarily &:g OF \T“E“‘lz

responsible for developing the approach for constructing and 5—"
STEVE C YOUNG

calibrating the groundwater model. He supervised the developme
and application of PEST for model calibration and the analysis of
aquifer pumping test.

St C %ﬁ
September 142018

Ms. Toya Jones was primarily responsible for assembling the da é‘ﬂ‘—” LS
used for developing the annual estimates of historical groundwat

pumpage from 1930 to 2010, for assembling the historical water (TovaJoNEs DALE
levels, and for constructing the well database used to pat@by gEoLoaY )%
assign historical pumping to locations. In addition, Ms. Jones gui %AO :‘°-24°7 é
the construction of the geodatabase for the project. "’%1,_ e eeo"c'

September 14, 2018

Dr. Thomas Ewing was responsible for analyzing geophysical lo¢
order to map the locatiorf taults associated with the Milano Fault
Zone. The mapping included resolving the Milano Fault Zone intc
one complexKovar Complex and four grabendhe Paige Graben,  ~ B\ GEeeaT
the Tanglewood Graben, the Calvert Graben, and the South Kos
Graben). Dr. Ewing alscestimated the vertical offsets associated
with each fault.

THCMAS €. EWING

/ September 14, 2018

Vol 1 -iii



Final Report: Groundwater Availability Model for the Central Portion
of the CarrizeWilcox, Queen City, and Sparta Aquifers

This page is intentionally blank.

Vol 1-iv



Final Report: Groundwater Availability Model for the Central Portion
of the CarrizeWilcox, Queen City, and Sparta Aquifers

TABLE OF CONTENTS

VOLUME 1
1 EXECULIVE SUMIMALY......iiiiiiiie it ieeei et e e eeee e et et e e e e e e e e e e e e e e s s e e e eeeas 1
2 0T (3 ox 1o o I SRS 5
P22 R = 7= Tl (o [ {0 11 [ [ F USRS 4
2.2 SHUAY ATBA.....ci ittt errer e e e e e e nnnr e e e e e aaas 8
2.3  Topographyand ClIMAte...........ccoeiiiiiiiiiiiiee e 13
2.4 GROIOGY. .. uttetttteiieieie ettt 16
2.5 RepPOIrt OrganiZation. ...........eeeeeiiiiiiiiiieeereeee et e e e e e e e amme e e e e e e 19
3 Updates to the Conceptual Model............ooovviiiiiiiiiiieeeeee e 21
3.1  The Milano Fault ZONE........cooiiiiiiiiiiii e 21
3.1.1 Previous Studies of the Milano Fault Zone...............cccoceiieeee s 21
3.1.2 Characterization of the Milano Fault Zane................cccoeciveeeeeeenens 24
3.1.3 Representation of the Milano Fault Zone in the Gowater Model.....50
3.1.4 Assessment of Milano Fault Zone on Aquifer Transmissivity.......... 52
3.1.5 Summary and Recommendations for the Milano Fault Zane.......... 64
3.2 Historical PUMPING ....ccoooiiiiiiiiieeeeeeeee e en 65
3.2.1 Development of PumpinDataset...............cooovvvviiiimmmee e 68
3.2.2 Development of Pumping by TYRE.......cooeeiiiiiiiiieiieeee e 73
3.2.3 Assignment of Wells to Model Grid............ccccceeiiiiiiiceceiiiiiceeee e 94
3.2.4 Assignment of Pumping to Modelr@................ccccuvviiiiieemniiiiiiineee 96
3.3 Recharge EStMAates..........oooiiiiiiiiiiireen it eeeii e 98
3.3.1 Previous Studies of REChArge...........cuuvviiiiiiiiieeeiiiieeeeee e 98
3.3.2 Hydrograph Separation Methods...............ccccoiim i Q9
3.3.3 Recharge Calculation from Base FlQW................covvviviiccciriieeeininns 102
3.3.4 Development of Recharge Through Model Calibration................. 108
3.3.5 Approach for Calculation of Recharge Rates for the Updated
Groundwater Availability Model.............cooooiiiiiiiian, 113
3.4 Surface Water and Groundwater Interaction..............ccuevvvvieemivvvvnnnnnnnnnne. 116
3.4.1 Addition of Model Layers to Represent Sbal, LocalScale
GrouNAWALET FIOW........uuiiiiiiiiiiiiiiii e 118
3.4.2 Addition of Grid Refinement in the Vicinity of the Colorado and
Brazos RIVEIS.....coooiiiiiiiiii et e 121
3.5 Conceptual Model of Groundwater FIQW...........ccccoeeiiiiiicceciiiiiiiiee e, 124
4 Model Overview and Packages...............uuvuuiiiiccrieeeiiiiiiie e 127
4.1 BaSiC Package.......coooiiiiiiiii e 128
4.2 Discretization PaCKage..........oiieiiiiiiiiii i ceeeie et 128
4.2.1 Model Grid SpecificationS...........cccuuviiiiiiiiiieeme e eeee 128
4.2.2 Stress Period SetUP.........uuiiiiiiiiiiiii i cceeie e v 140
4.3 LayerProperty FIow Package........cccooooiiiiiiiiiieeceie e 141
4.3.1 Hydraulic Property ZONES.........c.uuiiiiiiiiiiiiieii e eeeeiie e e e e eevvmmmeees 141
4.3.2 Hydraulic Property Values in the Calibrated Madel....................... 142

Vol.1-v



Final Report: Groundwater Availability Model for the Central Portion
of the CarrizeWilcox, Queen City, and Sparta Aquifers

4.3.3 Hydraulic Property Informabin and Data Used for Model Calibratidtb9

VL = | I - Vo = Vo = 165
4.4.1 Treatment of Minimum Saturated Thickness by MODFLOSG.....165
4.4.2 Pumping Distribution for the Brazos River Alluvium Aquifer......... 165
4.4.3 PumpingDistribution for the Shallow Groundwater Flow System..166
T B - 1] = (o 1= o = 166
4.6 Recharge PacCKage.........coooiiiiiiiiiiiieee e 168
4.7 GeneralHead Boundary REAQE..........coooriiiiiiiiiiieeen e 175
4.8  RIVEIN PACKAGE.......cooiiiiiiii e 176
4.9 Evapotranspiration Package.............oooooiiiimmmn e 177
4.10 Horizontal Flow Barrier Package.............coovvviiiiiiiciieeeiiiiiiiiienes s e 179
4.11 Ghost Node Correction PACKAGE..........uuuuuiiiiiiii e eaneen e 179
4.12 Output Control File........cooviiiiiiiie e 180
G T Yo | Y= 180
Model Calibration and RESUILS.........coiiiiiiiie i eeeeeeeeeee e 181
5.1 Calibration ProCRAULE.......ccoiii i it eeeeee e eeeeenne e e e e e e e eeeeeeenes 181
5.2 Hydraulic Head Calibration TargetS..........cccoeeeeeeiiiiieeeiii e 186
5.3 -Model Simulated Versus Measured Heads...............ccccvvimmmnniiiiinnnnnnnnee. 193
5.3.1 Calibration Metrics for Hydraulic Head Targets..............cccvvvvvuneee. 193

5.3.2 Statistics and Scatter Plots for Hydraulic Head Residuals for
SteadyState CoNAItIONS...........uueiiiiiiii e eeee e 194

5.3.3 Statistics and Scatter Plots for Hydraulic Head Residuals for
Transient CoNAItiONS..........oooviiiiiiiiierer e 202
5.3.4 Contours of Simulated Hydraulic Head.................ccoovvieeee e, 217
5.3.5 Simulated DrawdOWNS............coooiiiiiiiiiimmenniiieieeeeeeee e eeeseeeeeeees 245
5.3.6 Simulated Hydrographs............cccceeiiiiiiiicceeccicee e eeeeeeeeee 251
5.4 Model Simulated Surface Wat@roundwater Interaction...............ccc.vvvvveen. 263

5.4.1 Surface WatefGroundwater Interaction for Stea®yate Conditions. 264
5.4.2 Surface WateGroundwater Interaction for the Transient Conditior&65

5.5 Model Simulated Water BUdgeL..........cccuuuuiiiiiiiieeeiiiiiiiiieeeee e 268

5.5.1 SteadyState Water BUdgetS..........oooeriiiiiiiiiiicee e 268

5.5.2 Transient Water BUdQetS..........coooriiiiiiiiiieme e 271
SENSILIVILY ANAIYSIS...coiiiiiiiiiee e e 285
6.1 Sensitivity Analysis ProCedure..........ccoooiiiiiiiiiicce e 285
6.2  Sensitivity ANalySiS RESUIS.........uuuuiiiiiiiiiiii et 287

6.2.1 SteadyState SENSItIVILIES........coeiiiiiieeeeiieeeceeer e eeeeeeee e 287

6.2.2 Transient SENSItIVILIES .........cccvvviiiiiiiiiieeee e eeeeees 318
MOdel LIMITALIONS. .....ueeiiiiiiee e eeeee et e et e et b e eeeee 347
7.1 Limitations of SUPPOrting Data.............uiiiiiiiiiiiiiiiee e emme s 347
7.2  Assessment Of ASSUMPLIONS..........uiiiiiiiiiiiiiieeeiee e et e e e 349
7.3 Limitations of Model Applicability............ccoouiiiiiiiiii e, 350
Summary and CONCIUSIONS..........ccuuuiiii it eemr e 353
8.1 Updates to the Conceptual Model............cooovviiiiiiceen e, 353

Vol. 1-vi



Final Report: Groundwater Availability Model for the Central Portion
of the CarrizeWilcox, Queen City, and Sparta Aquifers

8.1.1 Milano Fault ZONE..........viiiiiiiiiii e 353
8.12 Historical PUMPING .......uuuiiiiiiee e ceeerc e rene e e e e 354
8.1.3 RECNAIQE.....uueiiii e 354
8.1.4 Surface WatefGroundwater INteractiQn..........cccevveeeeeeeiiieeseeeeneeenn. 355
8.2 Updates to Numerical MOdEL............uuuiiiiiiiiiiceeccciie e 356
8.2.1 Model CONSLIUCHION.......ccuiiiiiiieieiie e 356
8.2.2 Hydrogeologic Unit Hydraulic Properties and Hydracundary
(@] oo 11170} o - J S SSRRRRRP 356
8.3 Model CaliDration............uuuuuiiiiiii et eeeers s e e e e e e e e e eeeeeeeen 357
8.4 Model Sensitivity ANAIYSIS.........covuuiiiiiiiiiis e 357
9 Future Model Implementatiolmprovements..............oooooooiiiimmmn e 359
9.1 Additional Supporting Data...........coooiiiiiiiiiieee e 359
9.2 Additional Model IMProvVemMENLS.........coooviiiiiiiiiiiieee e 360
10 ACKNOWIEAGEMENLS. ... ..ot ee e e e e e e e e e e enemee e e 361
11 ] (=] €= o =S 363
VOLUME 2
12 Appendix A: Locations and Specifications for Wells Used for 113 Aquifer Pumping
TSt INLEIPretatiONS. ... .o i i i e e 1
13 Appendix B: Coopedacob Analysis to Calculate Transmissivity Values for
113 Aquifer PUMPING TeSIS....uuiiiiiiii i i e e e e e e e e e e e e e e e e teees e e e e e e e e e e e e e eeeeaenannnns 7.

14 Appendix C: Coopedacob Analys to Calculate Transmissivity Values for
Simulated Aquifer Pumping Test Data Using the Analytical Element Model TTin83
15  Appendix D: Bar Charts Showing Pumping from 1930 to 2010 for Counties outside
of Groundwater Management Area.L2...........cc.uuuuuiuiiieemiuiiiiiiiiiiee e eeeeeeeeees 39
16  Appendix E: Results of Aquifer Pumping Tests Performed by the Vista Ridge Prdjéct
17 Appendix F: Tabulation of Pumping in the Well Package from 1930 to 2010 by

County and HydrogeologiC UNit............ccuuuiiiiiiiiieeiiiiiiiiii e 53
18  Appendix G: Maps Showing Pumping Rate per Grid Cell for Each Hydlogjeo

Unit for 1950, 1970, 1990, and 2010.........cccuuueeeeeeeaiimeeeeieieee e e e et e e e e e e 83
19 Appendix H: Attributes Associated with the Model Drain Cells Table Provided

ElECTrONICAUIY.......co e 121
20  Appendix I: Attributes Associated with the Generdad Boundary Cells Table

Provided EIeCtroniCally...........oooo i 123

21 Appendix J: Attributes Associated with the River Cells Table Provided Electroni@aly
22 Appendix K: Attributes Associated with the Evapotranspiration Cells Table

Provided EleCtroniCally..............uiiiiiiiiie e 127
23 Appendix L: Residual HiStograms............uoiiiiiiiiiiiiie e eeesmmme e 129
24 Appendix M: Observe Versus Simulated Hydrographs...........ccccceeeviivieeeneceeennnn, 135
25 Appendix N: Steacibtate Water Budgets by County and Layer..........c.ccceeeeveeeees 191
26 Appendix O: Steadyptate Water Budgets by County and Hydrogeologic Unit.....209
27 Appendix P: Stead{tate Water Budgets by Groundwater Conservation District

= o [ I USRS 227

Vol. 1-vii



28
29
30
31
32

33
34

Final Report: Groundwater Availability Model for the Central Portion
of the CarrizeWilcox, Queen City, and Sparta Aquifers

Appendix Q: Steadytate Water Budgets by Groundwater Conservation District
F=TaTo [ Y7o [idoTo T=To] (oo {30 o1 235
Appendix R: Transient Water Budgets by County and Layer............cc.cc.cvvveeee.... 243
Appendix S: Transient Water Budgets by County and Hydrogeologic.Unit........ 337
Appendix T: Transient Water Budgets by Groundwater Conservation District

=T o I Y PPN Lo
Appendix U: Transient Water Budgets by Groundwater Conservation District

and HyadogeologiC UNiL.........ccoooeiiiiiiiiiiiiieeeeeeeee e eeeeeeeeeeeevvvvimeme e eeeeeeeennnennn e BT
Appendix V: Fault Report Comment RESPONSES..........cccvvviiiiiieccee e 507
Appendix W: Draft Model Report Comment RESPONSES............occvvvviiieeeceeennenne 521

Vol. 1 - viii



Final Report: Groundwater Availability Model for the Central Portion
of the CarrizeWilcox, Queen City, and Sparta Aquifers

LIST OF FIGURES

Figure 2.0a. Major Texas aquifers (TWDB2006).........coueeeiieeeeeeiiiiiiieeeiee e eeeeeeeeeeeeeenns 5

Figure 2.0b. Minor Texas aquifers (TWDB, 2017@)-..........cccuuuuuruummimmreeeeeennnnnnnnanns 6

Figure 2.2a. Location of the active model area for the groundwater availability model for
the central portion of the Carria/ilcox, Queen City, and Sparta aquifers
(Kelley and others, 2004) and Gredwater Management Area (GMA2

(TWDB, 2014@).c.. 0 uuteeieiiiiiiiiiiieeeeeeeeeeee et e e e e e e e e e e e e s s rmmme e e e e e e e e e e e s 8
Figure 2.2b. Cities, towns and major roads in the active model area (TexasaNat
Resources Information System, 2016, 2017).........cccoeevirriiiiieeniee e, 9
Figure 2.2c. Rivers, lakes, reservoirs, and river basins in the active model area
(TWDB, 2009; TWDB, 20140, C)e..uvtriiiiiiiiiiiiiiiiiie e 10
Figure 2.2d. Groundwater management areas (GMASs) and regional water planning
areas in the active model area (TWDB, 2014a)............cccccvviiimmeeennnnns 11
Figure 2.2e. Groundwater conservation districts (GCDs) in the active model area
(TWDB, 2017D).....cuvveieeeeeeeeecesesevesese s s s eeeess s s s eeneeeeees 12
Figure 2.3a. Topographic map of the active model area (United States Geological
SUINVEY, 2004 )ittt e e e e e e e e et e e e e e e e e e e e e e e 13
Figure 2.3b. Average annual precipitation (1981 to 2010) in the study area in inches
per year (PRISM Climate Group, 2015)........cccuuvieiiiiiiiiiiicceieeeeeeeeeee 14
Figure 2.3c. Average annual lake pan evaporation (1981 to 2010) in the study area in
inches per year (TWDB, 2018).........ccccuuuuiiiiiiiiieeeiiiiiiieieeeeeeee e e e 15

Figure 2.4a. Map of major faults and structural features in the vicinity of the model
area. Wilcox and Balcones Fault Zones modified from Ewing and others
(1990), Milano Fault Zone developed by this study; and structural axes
modified from Guevara and Garcia (1972), Galloway (1982), and

Galloway and others (2000)..............ooevviiiiiiimre e e 17
Figure 2.4b. Surface geology of the model area from the Geologic Atlas of Texas
(Barnes, 1970, 1979, 1981, Stoeser and others, 2007).............cccvvueee. 18

Figure 3.1.1a. Faults identified by Ayers and Lewis (1985) located in the model domain
for the groundwater availability model for the centraitipn of the
CarrizoWilcox, Queen City, and Sparta aquifers.............cccoeeevvvvieeenen. 22

Figure 3.1.1b. Faults identified by Ewing and others (1990) located in the model domain
for the groundwater availability model for the central portion of the
CarrizoWilcox, Queen City, and Sparta aquifers.............ccceeeevvvvieeenenn. 23

Figure 3.1.1c. Faults identified from the Geologic Atlas of Texas (Stoeser and others,
2007) located in the model domain for the groundwater availability model
for the central portion ahe CarrizeWilcox, Queen City, and Sparta

=0 (BT 24
Figure 3.1.2a. Geophysical signature of the Navarro Group on both the spontaneous
potential and reSiStiVILY 10gS........oooor e 26

Figure 3.1.2b. Faults mapped onto the top of the Navarro Group determined primarily
from the top of the Navarro Group picks from 656 geophysical logs with
fault traces mapped on Geologic Atlas of Texas sheets (Barnes, 199180,

Vol. 1-ix



Final Report: Groundwater Availability Model for the Central Portion
of the CarrizeWilcox, Queen City, and Sparta Aquifers

1981). Fault arrows point to the dovlirown side of the fault. Numerical
values indicate fault offset in feel.........cccoovi i 27
Figure 31.2c. Schematic representation of how facitt logs are identified. Log #1
intersects all three portions of Sections A, B and C. Log #2 intersects all of
Section A, the top part of Section B on the dettwrown side and the bottom
part of Section B on thupthrown side, and all of Section C. Log #3
intersects all three portions of Sections A, B, and C. Using all three of these
logs together, geologists can piece together missing sections within
geologic units. The amount of missing section is refewexs a fault cut
and can be used as a quantitative way to characterize the offset associated
WITN FAUIES .. e 28
Figure 3.1.2d. Six logs containing fault cuts. Location of logs are shown in Figure 3.128y.
Figure 3.1.2e. Navarro Group and Simsboro Formation faults mapped by this study.
Arrows on fault lines point to the dowhrown side of the fault................. 30
Figure 3.1.2f.  Simsboro Formation faults from this study mapped with faults from Ayers
and Lewis (1985) and from the Geologic AtlasTekas sheets of Barnes
(1970, 1979, 1981) as presented by Stoeser and others (2007)........... 31
Figure 3.1.2g. Plan view map of the MilanBault Zone showing the five named major
areas of faulting, locations of cressctions that transect the fault zone,
and locations of fault cut wells shown in Figure 3.1.2d.............cccoovuee 32
Figure 3.1.2.1a. Simsboro Formation faults and estimated fault offset (in feet) in the Kovar
Complex in Bastrop and Fayette counties. Fault arrows point to the down
thrown side of the fault. The wells are labeled with their American
Petroleum INStitute NUMDET..........cvviiiiiiiiii e 34
Figure 3.1.2.1b. Crosssection AANj t hr ough t he Kovar Compl ex sh
of selected formations and mapped fault locaticaset on interpretation
of geophysical logs in and near cr&ETtion AA Nju....eeeieeeeiieeeeeeeieeen, 35
Figure 3.1.2.2a. Simsboro Formation faults and iesated fault offset (in feet) in the Paige
Graben in Bastrop and Lee counties. Fault arrows point to the-thwasn
side of the fault. The wells are labeled with their American Petroleum
INSHEULE NUMIDE ... ... e 37
Figure 3.1.2.2b. CrosssectionBBNj t hr ough the southern portion
showing the top surface of selected formations and mapped fault locations
based onnterpretation of geophysical logs in and near cszsgion BB Nj.38
Figure 3.1.2.2c. CrosssectionGCCNj t hr ou g h ftdrtien ohterPaide &@alzenh e r n
showing the top surface of selected formations and mapped fault locations
based on interpretation of geophysical logs in and near-sexs®n CC Nj.39
Figure 3.1.2.3a. Simsboro Formation faults and estimated fault offset (in feet) in the
Tanglewood Graben in Lee, Milam and Burleson counties. Fault arrows
point to the dowsthrown side of the fault. Theells are labeled with their
American Petroleum Institute NUMDE..............uuiiiiiiii e 42

Vol.1-x



Figure 3.1.2.3b

Figure 3.1.2.3c

Figure 3.1.2.3d

Final Report: Groundwater Availability Model for the Central Portion
of the CarrizeWilcox, Queen City, and Sparta Aquifers

.CrosssectionDDNj t hr ough the southern portion
Graben showing the top surface of selected formations and mapped fault
locations based on interpretation of geophysical logs in and near cross
ST 1[0 TN 2 AN OSSR 43
.CrosssectionEENj t hrough the middle portion of
showing the top surface of selected formations and mapped fauloleati
based on interpretation of geophysical logs in and near-sexs®n EE Nj.44
.CrosssectionFF Nj t hr ough the northeastern por:t
Graben showing the top surface of selected formations and mapped fault
locations based on interpretation of geophysical logs in and near cross
SECHON FF N e e e e e e e e e e e 45

Figure 3.1.2.4a. Simsboro Formation faults and estimated fault offset (in feet) in the South

Figure3.1.2.4b.

Figure 3.1.2.4c

Figure 3.1.3a.

(S.) Kosse and Calvert Grabens in Robertson County. FaoNtspoint to

the downthrown side of the fault. The wells are labeled with their

American Petroleum Institute NUMDET..............evviiiiiiiiee e 47

CrosssectionGGNj t hr ough the Calvert Graben s

selected formations and mapped fault locations based on interpretation of

geophysical logs in and near cr&&Etion GG Nj.......vveiiiiiiiiieeiiiiieeeeien 48
.CrosssectionHHNj t hr ough the South Kosse Grab

surface of selected formations and mapped fault locations based on

interpretation of geophysical logs in and near cgegion HH N;j.............. 49

Sealing faults in the groundwater availalilihodel (GAM) for the central

portion of the CarrizéWVilcox, Queen City, and Sparta aquifers and the

Simsboro Formation faults from this study sampled onto the groundwater

availability model grid and colezoded based on the amount of offset

between the iBisboro Formation updip and downdip of the fault............ 51

Figure 3.1.4.1a. Location of wells with aquifer pumping test data and thit$adentified

Figure 3.1.4.1b

Figure 3.1.4.1c

by this study mapped to the numerical grid of the groundwater availability
model for the central portion of the Carr¥dlcox, Queen City, and
SPANa AQUITEIS. ..o 55
. Four example applications of the Coogercob analysis to calculate
transmissivity for aquifer test cl assi
decrease, 0 (c) nl arregaes edde cirrme acsal, cou laantde d
transmissIVity Values OVer tiMe. ..o e 56
. Location of aquifer pumping tests near faults in Milam County that
produced a CJStalculated lat¢gime transmissivity value less than the
earlytime transmissivity value, which provides a line of evidence that
faults could be affecting groundwater flow. For aquifer tests98P and
AT-95P, the values for the late earlytime transmissivity ratio are 0.33
and 0.50, reSPECHVELY..........oii i 57

Vol. 1-xi



Final Report: Groundwater Availability Model for the Central Portion
of the CarrizeWilcox, Queen City, and Sparta Aquifers

Figure 3.1.4.1d. Location of aquifer pumping tests near faults in Lee County that produced

a CJSkcalculated latdime transmissivy value less than the eaitiyne
transmissivity value, which provides a line of evidence that faults could
be affecting groundwater flow. For aquifer tests-2A9C and ATF13P, the
values for the latéo earlytime transmissivity ratio are 0.58 and 0.38,
FESPECHVEIY .. .iii it e e e e e e e anenas 58

Figure 3.1.4.1e. Location of aquifer pumping tests near faults in Bastrop County that

Figure 3.1.4.1f.

produced a CJStalculated lat¢gime transmissivity value less than the
earlytime transmissivity value, which provides a line of evidence that faults
could be affecting groundwater flow. For aquifer tests28C and AT18P,
the values for the lat® earlytime transmissivity ratio are 0.60 and 0.50,
TESPECTIVEIY . ..ttt 59
Location of aquifer pumping tests near faults in Burleson County that
produced a CJStalculated latéime transmissity value equal to or

greater than the earlyme transmissivity value, which provides little
evidence that faults could be affecting groundwater flow. For aquifer tests
AT-43C, AT-19C, and AT42C, the values for the late earlytime
transmissivity réio are 1.82, 1.0, and 1.0, respectively...........ccccoevvvvvnnen 60

Figure 3.1.4.1g. Spatial distribution of aquifer tests performed in the CaiVizittox

Aquifer categorized based on the laesarlytime transmissivity ratio......61

Figure 3.1.4.2a Location of aquifer pumping tests for which TFgenerated time

Figure 3.2a.

drawdown data were analyzed using the Codpeob method.................. 63
Flow chart showing the data sources and analyses used to assign
historical pumping to the model grid.................ovvviiicccireee e a7

Figure 3.2.2.7a. Bar chart of combined pumping from the Carri&tilcox, Queen City,

and Sparta aquifers by type for-§8ar intervals from 1930 throug®49
and 5year intervals from 1950 through 2010 for (a) Bastrop and (b) Brazos
(o0 11 1= RSPt 86

Figure 3.2.2.7b. Bar chart of combined pumping from the Carriékilcox, Queen City,

and Sparta aquifers by type for-§8ar intervals from 1930 through 1949
and 5year intervals from 1950 through 2010 for (a) Burleson and (b) Falls
(o0 11 1= RSPt 87

Figure 3.2.2.7c. Bar chart of combinedymping from the CarrizaVilcox, Queen City, and

Sparta aquifers by type for @ar intervals from 1930 through 1949 and
5-year intervals from 1950 through 2010 for (a) Fayette and (b) Freestone
(o0 10 1= PSPPIt 88

Figure 3.2.2.7d. Bar chart of combined pumping from the Carriéilcox, Queen City,

and Sparta aquifers by type for-§8ar intervals from 1930 through 1949
and 5year intervals from 1950 through 2010 for (a) Lee and (b) Leon
(o0 10 ] 1= PR 89

Vol. 1-xii



Final Report: Groundwater Availability Model for the Central Portion
of the CarrizeWilcox, Queen City, and Sparta Aquifers

Figure 3.2.2.7e. Bar chart of combined punmmg from the CarrizéVNilcox, Queen City,
and Sparta aquifers by type for-§@ar intervals from 1930 through 1949
and 5year intervals from 1950 through 2010 for (a) Limestone and (b)
MadISON COUNTIES.....eiiiiiiiiiiie et Q0
Figure 3.2.2.7f. Bar chart of combined pumping from the Carsidlcox, Queen City, and
Sparta aquifers by type for 4@ar intervals from 1930 through 1949 and
5-year intervalsrom 1950 through 2010 for (a) Milam and (b) Navarro
(o011 0 1= PRSPPI 91
Figure 3.2.2.79. Bar chart of combined pumping from the Carsidblcox, Queen City, and
Sparta aquifers by type for d@ar intervals from 1930 through 1949 and
5-year intervals from 1950 through 2010 for (a) Robertson and (b)
WIillI@MSON COUNTIES. .. .uuiieieee e e eeeeeeeceeee e nnme e e e e e e eeeeaeneees 92
Figure 3.2.2.7h. Bar chart of combined pumping from the Carsidblcox, Queen City, and
Sparta aquifers by type for 4@ar intervals from 1930 throbdl949 and
5-year intervals from 1950 through 2010 for all Groundwater Management
Area (GMA) 12 COUNTIES.......uuuuiiiriiiiiiiiieieieeeeiieeee et e e e e e e e e e e e e s et eeeaaaeeeas 93
Figure 3.2.2.8a. Bar chart of total pumping from the Colorado River alluvium by type for
10-year intervals from 1930 through 1949 angéar intervals from 1950

through 2000.... ..o 94
Figure 3.2.3a. Cumulative distribution function and histogram of available screened
BN GRS .. e an ] 96

Figure 3.2.4a. Pumping magnitude summed from 1930 through 2010 for counties in
Groundwater Management Area (GMA) 12 for which entity specific
pumping could and could not be assigned to a well or wells and
unspecified pumping BY tyPe........uvveiiiiiiie e 97

Figure 3.3.2.1a. Location of the 55 United States Geologic Survey (USGS) river gages
considered for analysis using hydrograph separation to cadadat flowl100

Figure 3.3.2.1b. Mean base flow from the Base Flow Index Program (BFI) analysis for
river gage 08041500 for different values of bhparameter, which shows

that the greatest change in slope occurs fod @alue of 9....................... 101
Figure 3.3.3a. Longterm average annual recharge calculated from hydrograph
separation using the Base Flow Index Program............ccccceeveviaeeeenennnes 105

Figure 3.3.3b. Longterm average annual recharge calculated from hydrograph
separation using the Baseflow Program. The twelve watersheds outlined
in black are those listed in TalBe3.4a...........ooovvviiiiiiiiiiien 106
Figure 3.3.8.  Regression of recharge versus annual precipitation values produced by
the application of the Base Flow Index Program and Baseflow Program
hydrograph separation techniques for river gage 8111000 on the Navasota
River in Brazos County and river gage 8268 on the Upper Keechi
Creek in Leon COUNLY......ciiiiiiiicie et e e e e aeens 107

Vol. 1 - xiii



Final Report: Groundwater Availability Model for the Central Portion

of the CarrizeWilcox, Queen City, and Sparta Aquifers

Figure 3.3.4.2a. Schematic showing groundwater flow toward a stream at séglLimes.

Figure 3.3.5a.

Figure 3.4a

Figure 3.4.1a.

Figure 3.4.1b.
Figure 3.4.1c.

Figure 3.4.2a.

Figure 3.4.2b.

Figure 3.5a.

Figure 4.2.1a.
Figure 4.2.1b.
Figure 4.2.1c.

Figure 4.2.1d.

Water levels during average flow conditions at a gaining stream (A).
Increase in stream elevation during a flooding event causes hydraulic
gradient reversal at streaaquifer interface. Streamflow enters aquifer and
becomes bank storage itneam bank (B and C). Decrease in stream elevation
after a flooding event. Bank storage flows back to the stream as bank flow
as water level in the stream lowers over time (D and E). Water levels in
stream and aquifer return to conditions #vested prior to flood event (F)12
Rechargeprecipitation data and regression fits developed for the different
precipitation percentiles. The attributes associated with the regressions are

provided in Table 3.3.5au........cooiiii e 116
Schematiallustration of the different spatial and time scales of
groundwater flow paths (Winter and others, 1999)..........ccccoeeviiiiiieenns 117

Areal extent of the Colorado River alluvium mapped onto the numerical
grid for the updated groundwater availability model for the central portion
of the CarrizeWilcox, Queen City, and Sparta aquifers........................ 119
Vertical crosssection for the updated model showing the model layers in

the upper 40feet along transectAoa s hown i n...Ei.gui2e 3.

Vertical crosssection for the updated model showing the model layers in
the upper 40@eet along transect-B a  s1inéigure 3.4.1a.................. 120
Numerical grid showing the uniformile by I-mile square grid cells in
the 2004 groundwar availability model for the central portion of the
CarrizoWilcox, Queen City, and Sparta aquifers (left) and the locally
refined grid with 0.25mile by 0.25mile square grid cells in the vicinity

of the Colorado River and its major tributaries ia tipdated model

Numerical grid showing the uniformrile by I-mile square grid cells in
the 2004 groundwater availability model for the central portion of the
CarrizoWilcox, Queen City, and Sparta aquifers (left) and the locally
refined grid with 0.5mile by 0.5mile square grid cells in the vicinity

of the Brazos River and its major tributaries in the updated model (rigt2
Conceptual groundwater flow model for the updated groundwater
availability model for the central portion of the Carrblcox, Queen

City, and Sparta aqUIfErS...........ooiiiiiiiiiiiireee e 125
Elevation of the top of model layer 1 (alluvium) in feet (ft) above mean
Sea leVel (AMSI)u . s 130
Elevation of the top of model layer 2 in feet (ft) above mean sea level

Elevation of the top of model layer 3 in feet (ft) above mean sea level
(amsl), which represents the downdip region of the Sparta Aquifer....131
Elevation of the top of model layer 4 in feet (ft) above mean sea level
(amsl), which represents the downdip region of the Weches Formatidt32

Vol. 1-xiv



Figure 4.2.1e.
Figure 4.2.1f.
Figure 4.2.19.

Figure 4.2.1h.

Figure 4.2.1i.
Figure 4.2.1j.

Figure 4.2.1k.
Figure 4.2.1l.

Figure 4.2.1m.
Figure 4.2.1n.
Figure 4.2.10.

Figure 4.3.2a.

Figure 4.3.2b.
Figure 4.3.2c.
Figure 4.3.2d.
Figure 4.3.2e.
Figure 4.3.2f.
Figure 4.3.2g.
Figure 4.3.2h.

Figure 4.3.2i.

Final Report: Groundwater Availability Model for the Central Portion
of the CarrizeWilcox, Queen City, and Sparta Aquifers

Elevation of the top of model layer 5 in feet (ft) above mean sea level
(amsl), which represents the downdip region of the Queen City AquiféB2
Elevation of the top of model layer 6 in feet (ft) above mean sea level
(amsl), which represents the downdggion of the Reklaw Formation....133
Elevation of the top of model layer 7 in feet (ft) above mean sea level
(amd), which represents the downdip region of the Carrizo Aquifer.....133
Elevation of the top of model layer 8 in feet (ft) above mean sea level
(amsl), which represents the downdip region of the Calvert Bluff

0 0=V o PP
Elevation of the top of model layer 9 in feet (ft) above mean sea level
(amsl), which represents the downdip region of the Simsboro Formatig#
Elevation of the top of model layer 10 in feet (ft) above mean sea level
(amsl), which represents the downdip region of the Hooper Formatioi35
Spatial distribution of the hydrogeologic units that comprise model lay&52.

Locations of vertical crossections AAa ;BogB -&ndt Gat

MOAE JAYEIS......cco e e e e e e e e ean 136
Vertical crosssection showing the model layers along dip cisession
o PP PPUR PP 137
Vertical crosssection showing the model layers along dip cisession

2 R = I o PRSPPI 138
Vertical crosssection showing the model layers along strike ceesgion

@ O o PP 139

Horiiontal hydraulic conductivity values in the calibrated model in feet
per day (ft/day) for the Colorado and Brazos rivers alluvium in model

=Y PSS 144
Horizontal hydraulic conductivity values in the calibrated model in feet
per day (ft/day) for the Sparta Aquifer in model layers 2 and.3............ 144

Horizontal hydraulic conductivity values in the calibrated model in feet
per day (ft/day) for the Weches Formation in model layers 2 and.4....145
Horizontal hydraulic conductivity values in the calibrated model in feet
per day (ft/day) for the Queen City Aquifer in model layers 2 and 5....145
Horizontal hydraulic conductivity values in the calibrated model in feet
per day (ft/day) for the Reklaw Formation in model layers 2 and.6.....146
Horizontal hydraulic conductivity values in the calibrated model in feet

Horizontal hydraulic conductivity values in the calibrated model in feet
per day(ft/day) for the Calvert Bluff Formation in model layers 2 and.8.47
Horizontal hydraulic conductivity values in the calibrated model in feet
per day (ft/day) for the Simsboro Formation in model layers 2 and.9..147
Horizontal hydraulic conductivity values in the calibrated model in feet
per day (ft/day) for the Hooper Formation in model layers 2 and.10....148

Vol. 1-xv

show



Figure 4.3.2].

Figure 4.3.2k.

Figure 4.3.2l.

Figure 4.3.2m.

Figure 4.3.2n.
Figure 4.3.20.
Figure 4.3.2p.
Figure 4.3.2q.
Figure 4.3.2r.
Figure 4.3.2s.

Figure 4.3.2t.

Figure 4.3.2u.

Figure 4.3.2v.

Figure 4.3.2w.

Figure 4.3.2x.
Figure 4.3.2y.

Figure 4.3.2z.

Figure 4.3.2aa.
Figure 4.3.2bb.

Figure 4.3.2cc.

Final Report: Groundwater Availability Model for the Central Portion
of the CarrizeWilcox, Queen City, and Sparta Aquifers

Horizontal hydraulic conductivity values in the calibrated model in feet
per day (ft/day) for model layer 2, which represents the shallow
groundwater flow SYStEML............uuvuiiiiiiiis i eree 148
Vertical hydraulic conductivity values in the calibrated model in feet

per day (ft/day) for the Colorado and Brazos rivers alluvium in model

= 149
Vertical hydraulic conductivity values in the calibrated model in feet
per day (ft/day) for the Sparta Aquifer in model layers 2 and.3............ 149

Vertical hydraulic conductivity values in the calibrated model in feet

per day (ft/day) for the Weches Formation in model layers 2 and.4....150
Vertical hydraulic conductivity values in the calibrated model in feet

per day (ft/day) for the Queen City Aquifer in model layers 2 and 5....150
Vertical hydraulic conductivity values in the calibrated model in feet

per day (ft/day) for the Reklaw Formation in model layers 2 and.6.....151
Vertical hydraulic conductivity values in the calibrated model in feet

per day (ft/day) for the Carrizo Aquifer in model layers 2 and .7.......... 151
Vertical hydraulic conductivity values in the calibrated model in feet

per day (ft/day) for the Calvert Bluff Formation in model layers 2 and 852
Vertical hydraulic conductivity values in the calibrated model in feet

per day (ft/day) for the Simsboro Fortie in model layers 2 and 9........ 152
Vertical hydraulic conductivity values in the calibrated model in feet

per day ft/day) for the Hooper Formation in model layers 2 and.1Q.....153
Vertical hydraulic conductivity values in the calibrated model in feet

per day (ft/day) for model lay&, which represents the shallow

groundwater flow SYStEML............uuvuuiiiiiiii i 153
Specific storage value in the calibrated model inféet the Colorado

and Brazos rivers alluvium in model layer. L............ccccovviicereeeeennns 154
Specific storage values in the calibrated model in‘fésmtthe Sparta

Aquifer in model layers 2 and 3. 154
Specific storage values in the calibrated model in‘fémtthe Weches
Formation in model layers 2 and.4............ooooiiiiimmen i 155
Specific storage values in the calibrated model in‘fémtthe Queen

City Aquifer in model layers 2 and 5............ccccuvvviiiiiiieeniiiiiiiiiieeeeeeeen 155
Specific storage values in the calibrated model in‘fémtthe Reklaw
Formation in model layers 2 and.G.............ccooooiiiiimmmnieeeee 156
Specific storage values in the calibrated model in‘fémt the Carrizo
Aquifer in model layers 2 and 7.............c.uuvuiiiiiiiiieeeiiiieeeeee e 156
Specific storage values in the calibrated model in'fémtthe Calvert

Bluff Formation model layers 2 and.8...............ooooiiiiiccciiiii e, 157
Specific storage values in the calibrated modétat* for the Simsboro
Formation in model layers 2 and.Q.............ccooiiiiiiieeen i, 157
Specific storage values in the calibrated modéat* for the Hooper
Formation in model layers 2 and 10...........cooooiviiiiiiiccciiiie e 158

Vol. 1-xvi



Final Report: Groundwater Availability Model for the Central Portion

of the CarrizeWilcox, Queen City, and Sparta Aquifers

Figure 4.3.2dd. Specific storage values in the calibrated modéat* for model layer 2,

Figure 4.5a.

Figure 4.5b.
Figure 4.6a.

Figure 4.6b.
Figure 4.6c.
Figure 4.6d.
Figure 4.6e.
Figure 4.7a.
Figure 4.8a.
Figure 4.9a.

Figure 4.9b.
Figure 5.1a.

Figure 5.1b.
Figure 5.2a.
Figure 5.2b.
Figure 5.2c.

Figure 5.2d.

Figure 5.3.2a.

Figure 5.3.2b.

Figure 5.3.2c.

Figure 5.3.2d.

which represents the shallow groundwater flow system...................... 158
Locations of major rivers and perennial and ephemeral streams in the
outcrop areas based on United States Geological Survey national
hydrograph data..............oooviiiiiiiir e e 167
Location of drain cells representing ephemeral streams in the model.168
Spatal distribution of recharge in inches per year for stestete

(o0 0 1110 o IS 7RSSR 173
Spatial distribution of recharge inches per year for 1950..................... 173
Spatial distribution of recharge in inches per year for 1970................. 174
Spatial distribution of recharge in inches per year for 1990................. 174
Spatial distribution of recharge in inches per year for 2010................. 175
Areal footprint showing théocations of generdiead boundary cells.......176
Locations Of MVer CelIS.........ooiiiiiiiiiiiiiieeee e 177
Maximum evapotranspiration rate in inches per year for
evapotranSPIration CeIS.........cccuuuuiiiiiiiii e 178
Extinction depth in feet for evapotranspiration cells..................ecccee. 179
Location of pilot points used for developing conductance values for
generalhead boundary, drain, and river cells.............cccoovviiiieeeeennn, 185
Location of pilot points used for developing horizontal and vertical
hydraulic conductivity values for model layers 2 through.1Q................ 185

Spatial distribution of hydraulic heads targets for stestedt{e conditions.. 189
Spatial distribution of wells with pf&950 hydraulic heads that were not
used as steaeltate calibration targets because their head value was

significantly different from the head value in nearby wells................... 190
Example of head measurements removed during development of
transient calibration targetS.............cooovviiiiiiiiee e 191
Spatial distribution of hydraulic heads targets for transient conditions
from 1930 t0 2010.....uuueieii e eeeee e 192
Scatter plot of simulated versus observed hydraulic heads for 522
calibration targets across the entire model for the stetadg period......... 197

Scatter plots of simulated versus observed hydraulic heads for calibration
targets in the entire model domaitine Brazos River alluvium, the Sparta
Aquifer, the Weches Formation, the Queen City Aquifer, and the Reklaw
Formation across the entire model domain for the ststatg period........198
Scatter plots of simulated versus observed hydraulic heads for calibration
targets in the Carrizo Aquifer, the Calvert Bluff Formation, the Simsboro
Formation, the Hooper Formation, atte shallow groundwater flow

system across the entire model domain for the stetadg period............ 199
Histograms of the hydraulic head residuals for the entire model domain,
the Brazos River alluvium, the Sparta Aquifer, the Weches Formation, the
Queen City Aquifer, and the Reklaw Formation the across tlre ent

model domain for the steadyate period...........cccoooviviiiiiiiceein e, 200

Vol. 1 -xvii



Final Report: Groundwater Availability Model for the Central Portion
of the CarrizeWilcox, Queen City, and Sparta Aquifers

Figure 5.3.2e. Histograms of the hydraulic head residuals for the Carrizaféquhe
Calvert Bluff Formation, the Simsboro Aquifer, the Hooper Aquifer, and
the shallow groundwater flow system the across the entire model domain
for the steadystate Period..............uvvveiiiiiiiiicee e 201
Figure 5.3.3a. Scatter plot of the average simulated versus average observed hydraulic
heads at each of the 467 wells in the entire model domain with calibration
targets for the transient period3M0 2010........ccvvvvieeiiiiiiiiiiiiiieeeeeeen, 205
Figure 5.3.3b. Scatter plot of the average simulated versus average observed hydraulic
heads at each of the 267 wells in Groundwater Management Area 12 with
calibration targets for the transient period 1930 to 2010...................... 206
Figure 5.3.3c. Scatter plots of the average simulated versus average observed hydraulic
heads at wells with calibration targets in the entire model domain, the
Brazos River alluwm, the Sparta Aquifer, the Weches Formation, the
Queen City Aquifer, and the Reklaw Formation for the transient period
1930 0 2000 ..ttt eeeer e e e e e e e e e e e e e e e e e e e e e e e e aaaan 207
Figure 5.3.3d. Scatter plots of the average simulated versus average observed hydraulic
heads at wells with calibration targets in the Carrizo Aquifer, the Calvert
Bluff Formation, the Simsboro Formation, the Hooper Formation and the
shallowgroundwater flow system for the transient period 1930 to 201208
Figure 5.3.3e. Histograms of the average hydraulic head residuals for wells in the entire
model domain, the Brazos River alluvium, the Sparta Aquifer, then@gec
Formation, the Queen City Aquifer, and the Reklaw Formation for the
transient period 1930 t0 2010.........ccooviiiiiiiiiiiieeme e 209
Figure 5.3.3f.  Histograms of the average hydraulic head residuals for wells in the Carrizo
Aquifer, the Calvert Bluff Formation, the Simsboro Aquifer, the Hooper
Aquifer, and the shallow groundwater flow system for the transient
period 1930 t0 2010.........ouiiiiiiiiie e 210
Figure 5.3.3g. Scatter plot of simulated versus observed hydraulic heads for the 11,378
water levels used as calibration targets across the entird foptiee
transient period 1930 10 2010........ccooiiiiiiiiiiieeer e 211
Figure 5.3.3h. Scatter plot of simulated versus observed hydraulic heads for the 4,767
water levels used as calibration targets in Groundwater Management
Area 12 for the transient period 1930 to 2Q1Q...........ccooiciiiiiimmnrninnnns 212
Figure 5.3.3i.  Scatter plots of simulated versus observed hydraulic heads for all
calibration targets in all wells in the entire model domain, the Brazos River
alluvium, the Sparta Aquifer, th&eches Formation, the Queen City
Aquifer, and the Reklaw Formation for the transient period 1930 to 2@1@3.
Figure 5.3.3].  Scdter plots of simulated versus observed hydraulic heads for all
calibration targets in all wells in the Carrizo Aquifer, the Calvert Bluff
Formation, the Simsboro Formation, the Hooper Formation and the
shallow groundwater flow system for tlransient period 1930 to 2010..214

Vol. 1 - xviii



Figure 5.3.3k.

Figure 5.3.3l.

Figure 5.3.4a.

Figure 5.3.4b.

Figure 5.3.4c.

Figure 5.3.4d.

Figure 5.3.4e.

Figure 5.3.4f.

Figure 5.3.49.

Figure 5.3.4h.

Figure 5.3.4i.

Figure 5.3.4j.

Figure 5.3.4k.

Final Report: Groundwater Availability Model for the Central Portion
of the CarrizeWilcox, Queen City, and Sparta Aquifers

Histograms of the hydraulic head residuals for all calibration targets in all
wells in the entire model domain, the Brazos River alluvium, the Sparta
Aquifer, the Weches Formation, the Queen City Aquifer, and the Reklaw
Formation for the transient period 1930 to 2Q1Q............ccevvvvvvvicmmnnnne. 215
Histograms of the hydraulic head residuals for all calibration targets in all
wells in the Carrizo Aquifer, the Calvert Bluff Formation, the Simsboro
Aquifer, the Hooper Aquér, and the shallow groundwater flow system

for the transient period 1930 t0 2010.......ccuvviiiiiiiiiiiiieeeeeeeee e 216
Contours in feet (ft) above mean sea level (amsl) developed from simulated
hydraulic heads for steagate conditions in the Colorado and Brazos
rivers alluvium with residuals for the Brazos River alluvium posted.....218
Contours in feet (ft) above mean sea level (amsl) developed from
simulated hydraulic heads for 1950 in the Colorado and Brazos rivers
alluvium. No cabration targets available for this time........................... 218
Contours in feet (ft) above mean sea level (amsl) developed from
simulated hydraulic heads for 1970 in the Colorado and Brazos rivers
alluvium with residuals for the Brazos River alluvium posted............... 219
Contours in feet (ft) above mean sea level (amsl) developed from
simulated hydraulic heads for 1990 in the Colorado and Brazos rivers
alluvium with residuals for the Brazos River alluvium posted............... 219
Contours in feet (ft) above mean sea level (amsl) developed from
simulated hydraulic heads for 2010 in the Colorado and Brazos rivers
alluvium with residuals for the Brazos River alluvium posted............... 220
Contours in feet (ft) above mean sea level (amsl) developed from
simulated hydraulic heads for steastgte conditions in the Sparta

Aquifer with residuals poSted..............uuvuiiiiiiiceecer e, 221
Contours in feet (ft) above mean sea level (amsl) developed from
simulated hydraulic heads for 1950 in the Sparta Aquifer with residuals

Contours in feet (ft) above mean sea level (amsl) developed from
simulated hydraulic heads for 1970 in the Sparta Aquifer with residuals

Contours in feet (ft) above mean sea level (amsl) developed from
simulated hydraulic heads for 1990 in the Sparta Aquifer with residuals

Contours in feet (ft) above mean sea level (amsl) developed from
simulated hydraulic heads for 2010 in the Sparta Aquifer with residuals

Contours in feet (ft) aboveean sea level (amsl) developed from

simulated hydraulic heads for steastgte conditions in the Weches
Formation with residuals posted...........ccooooiiiiiiiiicceiiii e 224

Vol. 1 - xix



Final Report: Groundwater Availability Model for the Central Portion
of the CarrizeWilcox, Queen City, and Sparta Aquifers

Figure 5.3.4l.  Contours in feet (ft) above mean sea level (amsl) developed from
simulated hydraulic heads for 1950 in the Weches Formation with
reSIdUAIS POSTEU. ......ceeeeeeieiei e errnr e e e e e e e e e e e 224
Figure 5.3.4m. Contours in feet (ft) above mean sea level (amsl) developed from
simulated hydraulic heads for 1970 in the Weches Formation with
(=TS0 [U P2 1S 010 1S3 = o SR 225
Figure 5.3.4n. Contours in feet (ft) abov@ean sea level (amsl) developed from
simulated hydraulic heads for 1990 in the Weches Formation with
FESIAUAIS POSTEU. ... ueiiiiiiiiiiii e 225
Figure 5.3.40. Contours in feet (ft) above mean sea level (amsl) developed from
simulated hydraulic heads for 2010 in the Weches Formation with
FESIAUAIS POSTEU. ... .ueiiiiiieiiiii e 226
Figure 5.3.4p. Contours in feet (ft) above mean sea level (amsl) developed from
simulated hydraulic heads for steastgte conditions in the Queen City
Aquifer with residuals POSted..........ooovviiiiiiiiiiiic e 227
Figure 5.3.4q. Contours in feet (ft) above mean sea level (amsl) developed from
simulated hydraulic heads for 1950 in the Queen City Aquifer with
reSIdUAIS POSLEA.......ooveeiiiiiii e erenr e e e e e e e 227
Figure 5.3.4r.  Contours in feet (ft) above mean sea level (amsl) developed from
simulated hydraulic heads for 1970 in thee@n City Aquifer with
reSIdUAIS POSTEA. .......oieiiiiiieii e e e e e e e e aaa e 228
Figure 5.3.4s. Contours in feet (ft) above mean sea level (amsl) developed from
simulated hydraulic heads for 1990 in the Queen City Aquifer with
reSIdUAIS POSTEU. .......oeeeeiieiii e e e e e e e e e e e 228
Figure 5.3.4t. Contours in feet (ft) above mean sea level (amsl) developed from
simulated hydraulic heads for 2010 in the Queen City Aquifer with
reSIdUAIS POSLEU. .......ooeeeeiiiii e errer e e e e e e e e 229
Figure 5.3.4u. Contours in feet (ft) above mean sea level (amsl) developed from
simulated hydraulic heads for steastgte conditions in the Reklaw
Formation with residuals posted..............cccuviiiiiimemiiiiiieeee e 230
Figure 5.3.4v. Contours in feet (ft) above mean sea level (amsl) developed from
simulated hydraulic heads for 1950 in the Reklaw Formation with
rESIAUAIS POSTEA. ... .uuiiiiiiiiiiiiiii e 230
Figure 5.3.4w. Contours in feet (ft) above mean sea level (amsl) developed from
simulated hydraulic heads for 1970 in the Reklaw Formation with
FESIAUAIS POSTEU. ... .ueiiiiiiiiiiiiiii e 231
Figure 5.3.4x. Contours in feet (ft) above mean sea level (amsl) developed from
simulated hydraulic heads for 1990 in the Reklaw Formation with
residuals POSTEU.........ouuuiii e e 231
Figure 5.3.4y. Contours in feet (ft) above mean sea level (amsl) developed from
simulated hydraulic heads for 2010 in the Reklaw Formation with
(ST [0 [V =TS 0 1S <o 1RSSR 232

Vol. 1-xx



Figure 5.3.4z.

Figure 5.3.4aa.

Figure 5.3.4bb.

Figure 5.3.4cc.

Figure 5.3.4dd.

Figure 5.3.4ee.

Figure 5.3.4ff.

Figure 5.3.499.

Figure 5.3.4hh.

Figure 5.3.4ii.

Figure 5.3.4jj.

Figure 5.3.4Kkk.

Figure 5.3.4ll.

Final Report: Groundwater Availability Model for the Central Portion
of the CarrizeWilcox, Queen City, and Sparta Aquifers

Contours in feet (ft) above mean sea level (amsl) developed from
simulated hydraulic heads for steastgte conditions in the Carrizo

Aquifer with residuals posted.............ooovviiiiiiiicce s 233
Contours in feet (ft) above mean sea levelqmeveloped from

simulated hydraulic heads for 1950 in the Carrizo Aquifer with

(=TS0 [U P2 1S 010 1S3 = o SR 234
Contours in feet (ft) above mean sea level (amsl) developed from
simulated hydraulic heads for 1970 in the Carrizo Aquifer with residuals

Contours in feet (ft) above mean sea level (amsl) developed from
simulated hydraulic heads for 1990t Carrizo Aquifer with residuals

Contours in feet (ft) above mean sea level (amsl) developed from
simulated hydraulic heads for 2010 in the Carrizo Aquifer with residuals

Contours in feet (ft) above mean sea level (amsl) developed from
simulated hydraulic heads for steastgte conditions in the Calvert Bluff
Formation with residuals posted.............cccooovviiiiicci e 236
Contours in feet (ft) above mean sea level (amsl) developed from
simulated hydraulic heads for 1950 in the Calvert Bluff Formation with
reSIdUAIS POSTEA. .......oieiiiiiieii e e e e e e e e aaa e 237
Contours in feet (ft) above mean sea level (amsl) developed from
simulated hydraulic heads for 1970 in the Calvert Bluff Formation with
(=TS0 [ = 1S 010 1S3 =T o USRS 237
Contours in feet (ft) above mean sea level (amsl) developed from
simulated hydraulic heads for 1990 in the Calvert Bluff Formation with
reSIdUAIS POSLEU. .......ooeeeeiiiii e errer e e e e e e e e 238
Contours in feet (ft) above mean sea level (amsl) developed from
simulated hydraulic heads for 2010 in the Calvert Bluff Formation with
reSIdUAIS POSTEU. ... ..ueeiiiiiiiiii i 238
Contours in feet (ft) above mean sea level (amsl) developed from
simulated hydraulic heads for steastgte conditions in the Simsboro
Formation with residuals ptes..............cccciiiiiiiiiieeeeeee e 239
Contours in feet (ft) above mean sea level (amsl) developed from
simulated hydraulic heads for 1950 in the Simsboro Formation with
FESIAUAIS POSTEU. ... .ueiiiiiiiiiiiiiii e 240
Contours in feet (ft) above mean sea level (amsl) developed from
simulated hydraulic heads for 1970 in the Simsboro Formation with
residuals POSTEU.........ouuuiii e e 240

Figure 5.3.4mm.Contours in feet (ft) above mean sea level (amsl) developed from

simulated hydraulic heads for 1990 in the Simsboro Formation with
residuals POSTEU.........ouuuiiiiiiie e e 241

Vol. 1-xxi



Figure 5.3.4nn.

Figure 5.3.400.

Figure 5.3.4pp.

Figure 5.3.4qq.

Figure 5.3.4rr.

Figure 5.3.4ss.

Figure 5.3.5a.
Figure 5.3.5b.
Figure 5.3.5c.
Figure 5.3.5d.
Figure 5.3.5e.
Figure 5.3.5f.
Figure 5.3.5¢.
Figure 5.3.5h.
Figure 5.3.5i.

Figure 5.3.6a.

Figure 5.3.6b.

Final Report: Groundwater Availability Model for the Central Portion
of the CarrizeWilcox, Queen City, and Sparta Aquifers

Contours in feet (ft) above mean sea level (amsl) developed from
simulated hydraulic heads for 2010 in the Simsboro Formation with
reSIdUAIS POSTEU. ......ceeeeeeieiei e errnr e e e e e e e e e e e 241
Contours in feet (ft) atve mean sea level (amsl) developed from
simulated hydraulic heads for steastate conditions in the Hooper
Formation with residuals posted.............ccoooviiiiiiccn e
Contours in feet (ft) above mean sea level (amsl) developed from
simulated hydraulic heads for 1950 in the Hooper Formation with
FESIAUAIS POSTEU. ... ueiiiiiiiiiiii e 243
Contours in feet (ft) above mean sea level (amsl) developed from
simulated hydraulic heads for 1970 in the Hooper Formation with
FESIAUAIS PSTEU. ... et 243
Contours in feet (ft) above mean sea level (amsl) developed from
simulated hydraulic heads for 1990the Hooper Formation with

FESIAUAIS POSTEU. ... .uuiiiiiiiiiiii i 244
Contours in feet (ft) above mean sea level (amsl) developed fr
simulated hydraulic heads for 2010 in the Hooper Formation with
reSIdUAIS POSTEU. .......oeeeieiiieei e e e e e e e e e e e 244
Contours of the change in hydraulic head (drawdown) in the Colorado
River alluvium and the Brazos River alluvium from 1930 to 2010....... 246
Contours of the change in hydraulic head (drawdown) in the Sparta
Aquifer from 1930 t0 201Q..........ccoiiiiiiiiiiiiieeee e e 247
Contours of the change in hydraulic head (drawdown) in the Weches
Formation from 1930 t0 2010........cceeeiiiiiiiiiiiiiieee e eeenes 247
Contours of the change in hydraulic head (drawdown) in the Queen City
Aquifer from 1930 t0 201Q.........cccoiiiiiiiiiiiiieeee e 248
Contours of the change in hydraulic head (drawdown) in the Reklaw
Formation from 1930 t0 2010.........ccvvieiiieeiiiiiire e e eeeeees 248
Contours of the change in hydraulic head (drawdown) in the Carrizo
Aquifer from 1930 t0 2010 ....ccuueiiiiieieiiiiie e 249
Contours of the change in hydraulic head (drawdown) in the Calvert
Bluff Formation from 1930 t0 2010.........uuiiiiiiiieiee e 249
Contours of the change in hydraulic head (drawdown) in the Simsboro
Formation from 1930 t0 2010.........ccvveeiiiiiiiiiire e eeeeees 250
Contours of the change in hydraulic head (drawdown) in the Hooper
Formation from 1930 t0 2010.........cceveviieeiiiiiiimmre e eeneeees 250
Hydrographs showing simulated and measured hydraulic heads (in feet

above mean sea level) in the Post Oak Savannah Groundwater Conservation

District at eight wells with state well numbers 5902309, 5832501,
5832302, 5824610, 5911703, 5917103, 5911402, and 5909901........ 253
Hydrographs showing simulated and measured hydraulic heads (in feet

above mean sea level) in the Post Oak Savannah Groundwater Conservation

Vol. 1 - xxii



Final Report: Groundwater Availability Model for the Central Portion
of the CarrizeWilcox, Queen City, and Sparta Aquifers

District at eight wells wittstate well numbers 5928205, 5927716,
5927706, 5927204, 5925503, 5925502, 5935503, 5935208............... 254
Figure 5.3.6¢c. Hydrographs showig simulated and measured hydraulic heads (in feet
above mean sea level) in the Brazos Valley Groundwater Conservation
District at eight wells with state well numbers 5911308, 5911202,
05905301, 05904701, 05903304, 03959905, 03952504, 03952504,
0590510, eeer et e e e e er——— it r e e e e e aaaa e e e e e e e e e e annne s 255
Figure 5.3.6d. Hydrographs showing simulated and measured hydraulic heads (in feet
above mean sea level) in the Brazos Valley Groundwater Conservation
District at eight wells with state well numbers 5914706, 5914101,
5913302, 5921412, 5921410, 5921209, 5921714, a2d559................. 256
Figure 5.3.6e. Hydrographs showing simulated and measured hydraulic heads (in feet
above mean sea level) in the LBstes Groundwater Conservation District
at eight wells with state well numbers 5840913, 5839905, 5949604,
5949509, 5942106, 5941704, 5933608, and 5840808.............cccceeernee 257
Figure 5.3.6f. Hydrographs showing simulated and measured hydraulic heads (in feet
above mean sea level) in the Lost Pines Groundwater Conservation District
at eight wells with state well numbers 5846301, 5838906, 6707204,
6705803, 5861201, 5860301, 5856104, and 58545086........................ 258
Figure 5.3.69. Hydrographs showing simulated and measured hydraulic heads (in feet
above mean sea level) in the Mist Texas Groundwater Conservation
District at eight wells with state well numbers 3843104, 3843101,
3939301, 3932205, 6003202, 5908701, 3964901, abd/B4.................. 259
Figure 5.3.6h. Hydrographs showing simulated and measured hydraulic heads (in feet
above mean sea level) in the Midst Texas Groundwater Conservation
District at eight wells with state well numbers 3841203, 3826706,
3964705, 3956902, 3955902, 3948101, 3940906, and 3850301........ 260
Figure 5.3.6i. Hydrographs showing simulated and measured hydraulic heads (in feet
above mean sea level) in the Fayette County Groundwater Conservation
District and Groundwater Management Area 13 at eight wells with state
well numbers 6708402, 6715403, 6733401, 6727201, 6722301, 6735201,
6742905, and 685610L.........cccccuurrrrririiieeeririr e s ene— e aaaaes 261
Figure 5.3.6j. Hydrographs showing simulated and measured hydraulic heads (in feet
above mean sea level) in Groundwater Management Areaglghawvells
with state well numbers 3736801, 3935705, 3733202, 3832903, 3816803,
3463503, 3819802, and 3441406..........ccceeeiiecieeee e 262
Figure 5.4a. Location of five out of 12 river gages used to develop regression between
recharge rate and annual precipitation that have watersheds with more than
90 percent of their area in the outcrop of the model domain............... 264

Vol. 1 - xxiii



Figure 5.4.2a

Figure 5.4.2b.

Figure 5.5.2a.
Figure 5.5.2b.
Figure 5.5.2c.
Figure 5.5.2d.

Figure 5.5.2e.

Figure 5.5.2f.

Figure 5.5.2¢.

Figure 5.5.2h.

Figure 5.5.2i.

Figure 5.5.2j.

Figure 5.5.2k.

Figure 5.5.21.

Figure 6.2.1a.

Final Report: Groundwater Availability Model for the Central Portion

of the CarrizeWilcox, Queen City, and Sparta Aquifers

Comparison of recharge rates (in inches per year) calculated from base
flow for river gages 8031200, 8064800, and 8065200 based on the
Baseflow Program analysis and adjusted Baseflow Program values, the
Base Flow Index Program anal ysi s,
and the 2004 groundwater availability model bsll&y and others (2004).

The model values equal the model calculated discharge to rivers/stre2eis.

Comparisorof recharge rates (in inches per year) calculated from base

and

flow for river gages 8109700 and 8111000 based on the Baseflow Program

analysis and adjusted Baseflow Program values, the Base Flow Index
Program anal ysis, and c andctha2084t e d
groundwater availability model by Kelley and others (2004). The model
values equal the model calculated discharge to rivers/streams........... 268
Transient water budget for the entire model domain for model layers 1, 2,

Transient water budget for Groundwater Management Area 12 for model
l[ayers 1, 2, 3, N0 4.....oeeeiiiiie e 276
Transient water budget for Groundwater Management Area 12 for model
layers 5, 6, 7, and 8.........ciiiiiiei e 277
Transient water budget for Groundwater Management Area 12 for model
[AYErs 9 and 10........uuuuuiiiiii i ceeerc e e 278
Transient water budget for the entire model domain for the Colorado and
Brazos rivers alluvium, Sparta Aquifer, Weches Formation, and Queen
CItY AQUITET. oo 279
Transient water budget for the entire model domain for the Reklaw
Formation, Carrizo Aquifer, and Calvert Bluff and Simsboro formatior80
Transient water budget for the entire model domain for the Hooper
0 0 = [ o TS 281
Transient water budget for Groundwater Management Area 12 for the
Colorado and Brazos rivers alluvium, Sparta Aquifer, Weches Formation,
and Queen City AQUITEI.........uuuiiiiiiiiiiiiee e 282
Transient water budget for Groundwater Management Area 12 for the
Reklaw Formation, Carrizo Aquifer, and Calvert Bluff and Simsboro

FOMMALIONS.... ..o e e e e e enane 283
Transient water budget for Groundwater Management Area 12 for the
HOoOpEer FOrMAatioN...........oovuiiiiiieiiiie e e s 284

Sensitivity of averaged hydraulic head in hydrogeologic units (top left),
hydraulic boundary fluxes (top right), additional flooded gedis (bottom
left), and calibration statistics (bottom right) to the horizontal hydraulic

Vol. 1 - xxiv

from



Figure 6.2.1b.

Figure 6.2.1c.

Figure 6.2.1d.

Figure 6.2.1e.

Figure 6.2.1f.

Figure 6.2.19.

Figure 6.2.1h.

Figure 6.2.1i.

Final Report: Groundwater Availability Model for the Central Portion
of the CarrizeWilcox, Queen City, and Sparta Aquifers

conductivity of the Colorado River and Brazos rivers alluvium for the
steadystate MOUEL............uuuuiiiiiii e e 294
Sensitivity of averaged hydraulic head in hydrogeologic units (top left),
hydraulic boundary fluxes (top right), additional flooded grid cells (bottom
left), and calibration statisti¢g®ottom right) to the vertical hydraulic
conductivity of the Colorado River and Brazos rivers alluvium for the
steadystate MOUEL..........uuuuieiiiiii e 295
Sensitivity of averaged hydraulic head in hydrogeologic units (top left),
hydraulic boundary fluxes (top right), additional flooded grid cells
(bottom left), and calibration statistics (bottom right) to the horizontal
hydraulic conductivity of the Sparta Aquifer for the steathte model.....296
Sensitivity of averaged hydraulic head in hydrogeologic units (top left),
hydraulic boundary fluxes (top right), additional flooded grid cells
(bottom left), and calibration statistics (bottom right) to the vertical
hydraulic conductivity of the Sparta Aquifer for the steathte model....297
Sensitivity of averaged hydraulic rtean hydrogeologic units (top left),
hydraulic boundary fluxes (top right), additional flooded grid cells
(bottom left), and calibration statistics (bottom right) to the horizontal
hydraulic conductivity of the Weches Formation for the stestdie mode298
Sensitivity of averaged hydraulic head in hydrogeologic units (top left),
hydraulic boundary fluxes (top right), additional flooded grid cells
(bottom left), and calibration statistics (bottom right) to the vertical
hydraulic conductivity of the Weche®knation for the steadstate

[T o [ PR 29
Sensitivity of averaged hydraulic head in hydrogeologic units (top left),
hydraulic boundary fluxes (top right), additional flooded grid cells
(bottom left), and calibration statistics (bottom right) to the horizontal
hydraulic conductivity of the Queen City Aquifer for the steathte

70T [ USSP 300
Sensitivity of averaged hydraulic head in hydrogeologic units (top left),
hydraulic boundary fluxes (top right), additional flooded grid cells
(bottom left), and calibration statistics (bottom right) to the vertical
hydraulic conductivity of the Queen City Aquifer for the steathte

70T [ USSP 301
Sensitivity of averaged hydraulic head in hydrogeologic units (top left),
hydraulic boundary fluxes (top right), additional flooded grid cells
(bottom left), and calibration statistics (bottom right) to the horizontal
hydraulic conductivity of the Reklaw Formation for the steatife

L0 0 [ TR PPS PPN 302

Vol. 1-xxv



Final Report: Groundwater Availability Model for the Central Portion
of the CarrizeWilcox, Queen City, and Sparta Aquifers

Figure 6.2.1j.  Sensitivity of averaged hydraulic head in hydrogeologic units (top left),
hydraulic boundary fluxes (top right), additional flooded grid cells
(bottom left), and calibration statistics (bottom right) to thetival
hydraulic conductivity of the Reklaw Formation for the steatiite
LT o [ PP 303
Figure 6.2.1k. Sensitivity of averaged hydraulic head in hydrogeologic units (top left),
hydraulic boundary fluxes (top right), additional flooded grid cells
(bottom left), and calibration statistics (bottom right) to the horizontal
hydraulic conductivity of the Carrizo Aquifer for the steadste
70T [ PSPPSR 304
Figure 6.2.11.  Sensitivity of averaged hydraulic head in hydrogeologic units (top left),
hydraulic boundary fluxes (top right), additional flooded grid cells
(bottom left), and calibration statistics (bottom right) to the vdrtica
hydraulic conductivity of the Carrizo Aquifer for the steadgte model... 305
Figure 6.2.1m. Sensitivity of averaged hydrauliead in hydrogeologic units (top left),
hydraulic boundary fluxes (top right), additional flooded grid cells
(bottom left), and calibration statistics (bottom right) to the horizontal
hydraulic conductivity of the Calvert Bluff Formation for the steady
SEALE MOUEL.... ..ot a e e e e e e e e e 306
Figure 6.2.1n. Sensitivity of averaged hydraulic head in hydrogeologic units (top left),
hydraulic boundary fluxes (top right), additional flooded grid cells
(bottom left), and calibration statistics (bottom right) to the vertical
hydraulic conductivity of the Calvert Bluff Formation for the steady
SEALE MOUEL.... ..o e e e e e e e e e e e e 307
Figure 6.2.10. Sensitivity of averaged hydraulic head in hydrogeologic units (top left),
hydraulic boundary fluxes (top right), additional flooded grid cells
(bottom left), and calibration statistics (bottom right) to tbezontal
hydraulic conductivity of the Simsboro Formation for the stestdye
70T [ USSP 308
Figure 6.2.1p. Sensitivity of averagetdydraulic head in hydrogeologic units (top left),
hydraulic boundary fluxes (top right), additional flooded grid cells
(bottom left), and calibration statistics (bottom right) to the vertical
hydraulic conductivity of the Simsboro Formation for the stestdye
70T [ USSP 309
Figure 6.2.1q. Sensitivity of averaged hydrauliead in hydrogeologic units (top left),
hydraulic boundary fluxes (top right), additional flooded grid cells
(bottom left), and calibration statistics (bottom right) to the horizontal
hydraulic conductivity of the Hooper Formation for the stesidye

Vol. 1-xxvi



Figure 6.2.1r.

Figure 6.2.1s.

Figure 6.2.1t.

Figure 6.2.1u.

Figure 6.2.1v.

Figure 6.2.1w.

Figure 6.2.1x.

Figure 6.2.2a.

Figure 6.2.2b.

Figure 6.2.2c.

Final Report: Groundwater Availability Model for the Central Portion
of the CarrizeWilcox, Queen City, and Sparta Aquifers

Sensitivity of averaged hydraulic head in hydrogeologic units (top left),
hydraulic boundary fluxes (poright), additional flooded grid cells

(bottom left), and calibration statistics (bottom right) to the vertical
hydraulic conductivity of the Hooper Formation for the stesidye

LT o [ PP 311
Sensitivity of averaged hydraulic head in hydrogeologic units (top left),
hydraulic boundary fluxes (top right), additional flooded grid cells
(bottom left), and calibration statistics (bottom right) to the conductance
of drain cells for the steaetate model............cccoovveiiiiiiiiicc, 312
Sensitivity of averaged hydraulic head in hydrogeologic units (top left),
hydraulic boundary fluxes (top right), additional flooded grid cells
(bottom left), and calibration statistics (bottom right) to the conductance
of river cells for the ®adystate model..............cccccviiiiiiieeeiiiiiiii 313
Sensitivity of averaged hydraulic head in hydrogeologic units (top left),
hydraulic boundar fluxes (top right), additional flooded grid cells

(bottom left), and calibration statistics (bottom right) to the conductance
of generalhead boundary cells for the steagtgte model........................ 314
Sensitivity of averaged hydraulic head in hydrogeologic units (top left),
hydraulic boundary fluxes (top right), additional flooded grid cells
(bottom left), and calibration statistics (bottom right) to the
evapotranspiration rate of evapotranspiration cells for the staatky

[T o [ PR 315
Sensitivity of averaged hydraulic head in hydrogeologic units (top left),
hydraulic boundary fluxes (top right), additional flooded grid cells
(bottom left), and calibration statistics (bottom right) to the extinction
depth of evapotranspiration cells for the steatte model..................... 316
Sensitivity of averaged hydraulic head in hydrogeologic units (top left),
hydraulic boundary fluxes (top right), additional flooded grid cells
(bottom left), and calibration statistics (bottom right) to the recharge rate
for the steadystate MOdel...........ccuuuiiiiiiiii e 317
Sensitivities of 2010 drawdown in hydrogeologic units (top), hydraulic
boundary fluxes (center), and calibratioatsstics (bottom) to the

horizontal hydraulic conductivity of the Sparta Aquifer for the transient
70T [ USSP 322
Sersitivities of 2010 drawdown in hydrogeologic units (top), hydraulic
boundary fluxes (center), and calibration statistics (bottom) to the
vertical hydraulic conductivity of the Sparta Aquifer for the transient
L0 0 [ TR PPS PPN 323
Sensitivities of 2010 drawdown in hydrogeologic units (top), hydraulic
boundary fluxes (center), and calibration statistics (bottom) to the
horizontal hydraulic conductivity of the Queen City Aquifer for the
transient MOAE.. ... 324

Vol. 1 - xxvii



Final Report: Groundwater Availability Model for the Central Portion
of the CarrizeWilcox, Queen City, and Sparta Aquifers

Figure 6.2.2d. Sensitivities of averaged drawdown in hydrogeologic units (top),
hydraulic boundary fluxes (center), and calibration statistics (bottmm) t
the vertical hydraulic conductivity of the Queen City Aquifer for the
tranSient MOAEL.........ooviii i 325

Figure 6.2.2e. Sensitivities of 200 drawdown in hydrogeologic units (top), hydraulic
boundary fluxes (center), and calibration statistics (bottom) to the
horizontal hydraulic conductivity of the Carrizo Aquifer for the
tranSieNnt MOAEL.. ... 326

Figure 6.2.2f.  Sensitivities of 2010 drawdown in hydrogeologic units (top), hydraulic
boundary fluxes (center), and calibration statistics (bottom) to the
vertical hydraulic conductivity of the Carrizo Aquifer for the transient
0 T0T 0 [ PO PRSSPPPPRI 327

Figure 6.2.29. Sensitivities of 2010 drawdown in hydrogeologic units (top), hydraulic
boundary fluxes (center), and calibration statistics (bottom) to the
horizontal hydraulic conductivity of the Simsboro Formation for the
tranSieNt MOGEL........oooiiie e e 328

Figure 6.2.2h. Sensitivities of 2010 drawdawin hydrogeologic units (top), hydraulic
boundary fluxes (center), and calibration statistics (bottom) to the
vertical hydraulic conductivity of the Simsboro Formation for the
tranSient MOEL.... ..o 329

Figure 6.2.2i.  Sensitivities of 2010 drawdown in hydrogeologic units (top), hydraulic
boundary fluxes (center), and calibration statistics (bottom) to the
specific storage of the Sparta Aquifer for the transient madel.............. 330

Figure 6.2.2].  Sensitivities of 2010 drawdown in hydrogeologic units (top), hydraulic
boundary fluxes (center), and calibration statistics (bottom) to the
specific yield of tle Sparta Aquifer for the transient model................... 331

Figure 6.2.2k. Sensitivities of 2010 drawdown in hydrogeologic units (top), hydrauli
boundary fluxes (center), and calibration statistics (bottom) to the
specific storage of the Queen City Aquifer for the transient madel.....332

Figure 6.2.2.  Sensitivities of 2010 drawdown in hydrogeologic units (top), hydraulic
boundary fluxes (center), and calibration statistics (bottom) to the
specific yield of the Queen City Aquifer for the transient madel.......... 333

Figure 6.2.2m. Sensitivities of 2010 drawdown in hydrogeologic units (top), hydraulic
boundary fluxes (center), and calibration statistics (bottom) to the
specific storage of the Carrizo Aquifer for the transient madel............ 334

Figure 6.2.2n. Sensitivities of 2010 drawdown in hydrogeologic units (top), hydraulic
boundary fluxes (center), and calibration statistics (bottom) to the
specific yield of tle Carrizo Aquifer for the transient model.................. 335

Figure 6.2.20. Sensitivities of 2010 drawdown in hydrogeologic units (top), hyldrau
boundary fluxes (center), and calibration statistics (bottom) to the
specific storage of the Simsboro Formation for the transient madel....336

Vol. 1 - xxviii



Figure 6.2.2p.

Figure 6.2.2q.

Figure 6.2.2r.

Figure 6.2.2s.

Figure 6.2.2t.

Figure 6.2.2u.

Figure 6.2.2v.

Figure 6.2.2w.

Figure 6.2.2x.

Final Report: Groundwater Availability Model for the Central Portion
of the CarrizeWilcox, Queen City, and Sparta Aquifers

Sensitivities of 2010 drawdown in hydrogeologic units (top), hydraulic
boundary fluxes (center), and calibration statistics (bottom) to the

specific yield of the Simsboro Formation for the transient model......... 337
Sensitivities of 2010 drawdown in hydrogeologrtts (top), hydraulic
boundary fluxes (center), and calibration statistics (bottom) to the

recharge rate for the transient model...........ccccoooiiiiiieeeiiiiiii e 338
Sensitivities of 2010 drawdown in hydrogeologic units (top), hydraulic
boundary fluxes (center), and calibration statistics (bottom) to the
conductance of drain cells for the transient model.............cccccoovvieeeee. 339
Sensitivities of 2010 drawdown in hydrogeologic units (top), hydraulic
boundary fluxes (center), and calibration statistics (bottom) to the
conductance of river cells for the transient model.............ccccovvvvieeee. 340
Sensitivities of 2010 drawdown in hydrogeologic units (top), hydraulic
boundary fluxes (center), and calibration statistics (bottom) to the

pumping rate for the transientoiel.................cccvviiiiiiieecin 341
Hydrographs showing sensitivity of heads (in feet above mean sea level) to
changes in the horizontal amdrtical hydraulic conductivity of the Sparta
Aquifer for select wells completed in the Sparta Aquifer...................... 342
Hydrographs showing sensitivity of heads (in feet above mean sea level) to
changes in the horizontal and vertical hydraulic conductivity of the

Queen City Aquifer for select wells completed in the Queen Gipyifar.. 343
Hydrographs showing sensitivity of heads (in feet above mean sea level) to
changes in the horizontal dwertical hydraulic conductivity of the

Carrizo Aquifer for select wells completed in the Carrizo Aquifer........ 344
Hydrographs showing sensitivity of heads (in feet above mean sea level) to
changes in the horizontal and vertical hydraulic conductivity of the
Simsboro Formation for select wells completed in the Simsboro Forngtmon.

Vol. 1 - xxix



Final Report: Groundwater Availability Model for the Central Portion

of the CarrizeWilcox, Queen City, and Sparta Aquifers

LIST OF TABLES

Table 2.4a.

Table 3.1.4.1a.

Table 3.1.4.1b.
Table 3.1.4.2a.
Table 3.2.1.1a.
Table 3.2.1.3a.
Table 3.2.1.5a.

Table 3.2.2.4a.
Table 3.2.2.7a.

Table 3.2.2.7b.

Table 3.2.2.7c.

Table 3.2.2.7d.

Table 3.2.2.7e.

Table 3.2.2.7f.

Table 3.2.2.7g.

Table 3.2.2.7h.

Table 3.2.2.8a.

Table 3.3.3a.

Generalized stratigraphic section for the model area and corresponding

=0 (BT PP 16
Transmissivity categories used to classify wells based on the results of the
Cooper Jacob analySIS.........cceiiiiiie e ceeee e 53

Percentage of aquifer pumping tests that indicate that a region of low
transmissivity is located close to the well as a function of the distance
between the well and the closest fault...............cccooiiieeeiiiiiiiiiin, 54
Comparison of ke Tearly Values from Coopedacob analysis of observed
and TTimgenerated timglrawdown data for seven aquifer pumping tesés3

Summary of historical pumping data SOUrces............ccccvvvvvvvieeeeeeeeeeee, 68
Summary of lignite mine PUMPING SOUICES.......uureiiieeeeee e e e eeeeeee e 71
Summary of communication efforts with municipal water suppliers.......73
Sunmary of mining data obtained from Nicot and others (2011)........... 75

Summary of combined total pumpinganrefeet from the CarrizaVilcox,
Queen City, and Sparta aquifers by county for the years 1980, 1985, 1990,
1995, 2000, 2005, and 20L0........ccceeeeeeiiiiieciimme e eeer s 78
Summary of combined municipal pumping in ateet from the Carrizo
Wilcox, Queen City, and Sparta aquifers by county for the years 1980,
1985, 1990, 1995, 2000, 2005, and 2010..........cevvrrrererrrimemvrrrneeeeeeeeennaad 9
Summary of combined manufacturing pumping in dest from the
CarrizoWilcox, Queen City, and Sparta aquifers by county for the years
1980, 1985, 1990, 1993000, 2005, and 2010.........cccevrrrrrrrererraceerenenne 80
Summary of combined mining pumping in ateet from the Carrizo
Wilcox, Queen City, and Sparta aquifers by county for the years 1980,
1985, 1990, 1995, 2000, 2005, and 2010.........c.cuevveeeeiiimemiiiieeeee e e 81
Summary of combined power pumping in atget from the Carrizo

Wilcox, Queen City, and Sparta aquifers by county for the years 1980,
1985,1990, 1995, 2000, 2005, and 2010.........ccuvverreeeeiiinemriiieeeee e e 832
Summary of combined irrigation pumping in afeet from the Carrizo
Wilcox, Queen City, and Sparta aquifers by county for the years 1980,
1985, 1990, 1995, 2000, 2005, and 2010.........c.cuvvveeeeiimemriiieeeee e e 33
Summay of combined livestock pumping in aefeet from the Carrizo
Wilcox, Queen City, and Sparta aquifers by county for the years 1980,
1985, 1990, 1995, 2000, 2005, and 2010.........cccuvvrrrrrrrrieeerennrrerrnnneeene 84
Summary of combined rural domestic pumping in dest from the
CarrizoWilcox, Queen City, and Sparta aquifers by county for the years

1980, 1985, 1990, 1995, 2000, 2005, and 2Q1Q...........evvveereeereeeerrrrnnnen. 85
Summary of total pumping in acfeet from the Colorado River alluyn
for the years 1980, 1985, 1990, 1995, 2000, 2005, and 2010............... 93

Results of the regression between logarithmnoifual precipitation and
annual estimate recharge rates calculated using the Base Flow Index and
Baseflow ProgramsS............eeeeeiiiiiiii et 104



Final Report: Groundwater Availability Model for the Central Portion
of the CarrizeWilcox, Queen City, and Sparta Aquifers

Table 3.3.4.1a. Surface geology scaling factors used by Kelley and others (2004) and this
study to adjust recharge base on the hydrogeologic units in the model
(o]0 | (o3 (o] o =1 {T= VPP 108

Table 3.3.4.1b. Hydrogeologic units and calculated surface geology scaling factor for the
watersheds associated with the 12 river gages used to develop a

relationship betweeprecipitation and recharge for the model............... 109
Table 3.3.5a. Regressions developed for different precipitation percentiles for
deermining recharge...........oooi i 113

Table 3.3.5b.  Average recharge rates for watersheds grouped into the southern, central,
and northern regions of the model domain determined using the regression
in Table 3.3.5a and the percentile precipitation rates for each watersidd.

Table 4.0a. Summary of model input files and filenames.............ccccvviiivieeeiiiinnnnee. 127
Table 4.0b. Summary of model output files and filenames...............coooiiiiiieee 128
Table 4.2.1a. Number of nodesgepresenting each model layer............cccevvvviiiieecennnne. 128
Table 4.2.2a. Table of stress period times and duratiQns..................eevemicccreeeeeeennnnnnns 140
Table 4.3.1a. HydrauliC Property ZONES.........couuueiiiiiiiii e 141

Table 4.3.2a.  Statistical summary of the horizontaly,kand vertical, K, hydraulic
conductivity values in feet per day for the ten hydraulic property zones in
the calibrated MOdel..........uuuiiiiiiiiiiiiiee e 142
Table 4.3.2b.  Statistical summary of the specific yield, &nd specific storageg,S
values for the ten hydraulic property zones in the calibrated madel....143
Table 4.3.3.2a. Depth decay constants used to adjust hydraulic conductivity values for
each hydraulic property Zone..........cccoeeeeeeiiiiiieeei e 160
Table 4.3.3.2b. Application of example depth decay constants.............cccceeeivieeevnnnnnnnd 161
Table 4.3.3.2c. Values used fosand fraction and the calibrated constant Al for applying
Equation 44 to generate specific storage values for each hydraulic
PIrOPEITY ZONE....cieiieiii ettt et e eerne e et e e e et e e e aa e e eanans 163
Table 4.3.3.2d. Values used for sand fraction (SF) and the calibrated parameter Al for
applying Equatior-4 to generate specific storage values for each
hydrauliC Property ZONE..........couivviiiiiiiiiiie e 163
Table 4.3.3.3a. Geometric mean values for hydraulic conductivities based on values
from Mace and others (2000) and calculated by Dutton and others (2003)
for the central portion of the Carriafilcox Aquifer..............cccccvvvvieennn. 164
Table 4.3.3.3b. Geometric mean and median values for hydraulic conductivities based on
values from Mace and others (2000) for wells with a diameter greater
than or equal to 7.5 inches for the Queen City and Sparta aquifers....164
Table 4.3.3.3c. Geometric means for hydraulic conductivity values from aquifer tests
for the Sparta and Carrizo aquifers and the Simsboro Formation.......165
Table 5.2a. Number of wells witthydraulic head targets for steasiate conditions... 186

Table 5.2b. Number of wells witthydraulic head targets for transient conditions....188
Table 5.3.2a.  Calibration statistics for steagbgate conditions for all hydraulic heads
in the entire Model dOMaLN.........coooiiiiiiiiii e 194

Vol. 1 -xxxi



Table 5.3.2b.

Table 5.3.2c.

Table 5.3.3a.

Table 5.3.3b.

Table 5.3.3c.

Table 5.3.3d.

Table 5.4.1a
Table 5.4.2a
Table 6.1a.

Table 6.1b.

Table 6.2.1a.

Table 6.2.1b.

Table 6.2.1c.

Table 6.2.1d.

Table 6.2.1e.

Table 6.2.1f.

Table 6.2.2a.

Table 6.2.2b.

Table 6.2.2c.

Table 6.2.2d.

Table 8.2.1a.

Table 8.4a
Table 8.4b

Final Report: Groundwater Availability Model for the Central Portion
of the CarrizeWilcox, Queen City, and Sparta Aquifers

Calibration statistics for steagtate conditions for hydraulic heads in
Groundwater Management Area 12...........cccoovviiviiiieeee e e 195
Calibration statistics for the entire model domain calculated for the 522
steadystate calibration targets and the 61 hydraulic heads removed as

being norrepresentative of préevelopment conditions......................... 195
Calibration statistics for transient conditions based on the -byuakl|
weighting scheme for the entire model domain..............cccoeeeevieeeeeennnn. 202
Calibration statistics for transient conditions based on the -b&yuakll
weighting scheme for Groundwater Management Area 12................. 202
Calibration statistics for transient conditions based on the yual
observeehead weighting scheme for thetiem model domain.................. 203

Calibration statistics for transient conditions based on the yual
observeehead weightig scheme for Groundwater Management Area. 203

Measured and modeled base flow values for statatgconditions........... 265
Measured and modeled base flows for transient conditions................ 266
List of 24 model parameters varied for the stesidye sensitivity

ANAIYSIS.. .o a e e et 286

List of 20 model parameters used for the transient sensitivity analysi87
Ranking for assessing impact to average hydraulic head and number of
FloOded CEIIS.....uuiiiiiiiiiiii e 288
Ranking for assessing impact to hydraulic boundary fluxes................ 288
Summary for change in average hydraulic head across the model by
hydrogeologic unit for the 24 parameters considered by the sttatey
SENSILIVILY @NAIYSIS.....cceiiiiieiiieiiiiiee e e 290
Summary for change in total hydraulic boundary fluxes and additional
number of flooded cells for the 24 parameters considered by the-steady

state SenSitiVItANAIYSIS. ......cccooeeiiiiiiieeeeeeeee e 291
Ranking for assessing impact to calibration statistiCs.......................e.. 292
Summary for change in calibration statistics for the 24 parameters

considered by the steadyate sensitivity analysis.........ccccccceeviiiiiiicenn. 293
Ranking for assessing impact to 2010 drawdown.................cevvvueemenn.. 318

Summary for change in 2010 drawdown across the model in the Sparta,
Queen City, and Carrizo aquifers and the Simsboro Formation for the 20

paraneters considered by the transient sensitivity analysis................. 319
Summary for change in drain and river boundary fluveshe 20
parameters considered by the transient sensitivity analysis................ 320
Summary for change in modedlibration statistics for the 20 parameters
considered by the transient sensitivity analysis...........ccccoceeveeiieeeneceeens 321
Number of nodesepresenting each model layer............ccccooveevviieeeneens 356

Top two parameters to which the steatigte model is most sensitive....358
Top five parameters to which the transient model is most sensitive....358

Vol. 1 - xxxii



Final Report: Groundwater Availability Model for the Central Portion
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1 Executive Summary

This report documents the construction and calibration of an update to the groundwater
availability model for theentral portion of the Carriz@/ilcox, Queen City, and Sparta aquifers.
The numeri cal model was developed as part
Groundwater Availability Modelingrogram.Themo d e | 6 s is {@ provigeastaol for
groundwater planing and management in teiateof Texas. The project work included updates
to both the conceptual and numerical medel

of

The update to the conceptual model included revisions to fault locations and characteristics in the

Milano Fault Zone, historical paping, recharge, and modeling surface wgreundwater
interaction.The update to the numerical model included converting the previous groundwater
availability model into MODFLOWUSG, adding model layers, refining the grid mesh in select
locations, calibating the model to steagstate conditions, and extending the transient model
calibration period from 1930 to 2010.

Using previously mapped fault traces as a guide, we interpreted geophysical logs to characterize

and map the Milano Fault Zone as a sesiesonnected grabenshe conductance associated
with each fault was based on the vertical offset assigned to theTta@limportance of the faults
to groundwater flow was validated by analyzing 113 aquifer pumping tests in and near the
Milano Fault ZoneOur analyseglentifiedlines of evidence that indicated faults were acting as
zones of low transmissivityVe validated our findings by reproducing the observed effects in
drawdown data from the aquifer pumping tests using analytical models.

We developd the historical pumping dataset to cover aty&& period from 1930 to 2018s
part of this effort, we developed a well database and associated well owners with pumping
entities to help assign historical pumpiAgsigning pumping to the model grid Iselvas a twe
part process. First, a dataset of annual pumping by water user dgaupsafmple cities, water

supply companies, industries, irrigation, livestock) and for rural domestic pumping was created.

Second, a well dataset was created to guideepiaat of the pumping spatially as well as
temporally.

Our update of the conceptual model for recharge is similar to previous work that used
hydrograph separation methstd calculatebase flowvalues from river gageRecharge rates

were then estimated tviding thebase flowalueby the drainage area associated with the

river gageHowever, a distinguishing aspect of our approach was that the recharges rates were
adjusted to account for two effectde first effect was the impact of surface geologyrmn

spatial distribution of recharge. Teecondeffect was the impact of bank flow on base flow.

Bank flow is groundwater from bank storage that leaves the alluvium adjacent to a stream to
become streamflowror steadystate conditions, the revised appio@enerates an average
recharge rate of 2 inches per yam precipitatiorfor the entire model domain.

To improve the groundwater availability moded  a tb sinhulate surface watgroundwater
interaction, we incorporated two additional model lay®&rselayeris located near ground
surface to represent a shallow groundwater systéms.model layer extends across the entire
outcrop area associated with gimulated hydrogeologic unit$he secondayer was
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constructed on top of the shallow groundwater flow system layer to represent the Colorado and
Brazos rivers alluvium.

In the vicinity of the Colorado River and its major tributaries, the grid cellseipdated model
were reduced from thile by 1 mile to 0.25mile by 0.25mile. In the vicinity of the Brazos River
and its major tributaries, the grid cells were reduced franmld.by 1 mile to 0.5mile by 0.5

mile. Refinement of the grid cells improvéemo d e | 6 do repiesent ihd lgcation of the
pumping wells and streams. In addition, the increased refinement provides for improved
resolution for representing horizontal hydraulic gradients between streams aydrbgeologic
units.

The code usetb implement the update to the groundwater availability model for the central
portion of the CarrizdWVilcox, Queen City, and Sparta aquifers is MODFLSG.
MODFLOW-USG supports an unstructured grid, which allows users to refine the grid locally
without adjustingthe grid size away from the area of inter@siis optionwas used along select
rivers and streams in the modBéecause the updated model was developed using MODFLOW
USG, the grid cells are no longer referred to by row and column but ratheigog node
numbers Each model layer represents a different hydrogeologic unit and different areal
coverages.

The revised model has 10 layevkodel layer 1 represents the Colorado and Brazos rivers
alluvium. Model layer 2 represents the outcrop areaénntiodel and is comprised the

hydrogeologic units which make up model layers 3 througfi@.purpose of model layer 2 is

to represent the shallow groundwater flow system in the outcrop area. From youngest to oldest
sediments, theemainingmodel layersepresent the Sparta Aquifer, the Weches Formation, the
Queen City Aquifer, the Reklaw Formatidghe Carrizo Aquiferthe Calvert Bluff Formation,

the Simsboro Formation, and the Hooper Formation. These latter three formations comprise the
Wilcox Aquifer.

A total of 5220bservedhydraulic heads with a range ofGieet were used for steadyate
calibration targetsThe steadystate calibratioproduced a mean error, mean absolute error, and
a rootmean square error ofd, 18.9, and 24.&eet, respectivg. Out of the 522 values, 190 of
theobservedhydraulic heads are from wells in the Groundwater Management Aréarte
1900bservedhydraulic head values in Groundwater Management Arewli2h have a range
of 348 feetthe statestate calibratioproduced a mean error, mean absolute error, and-a root
mean square error of 6.3, 19.3, and 24.1 feet, respecthaliyhe entire model domain, 118
observed hydraulic heads from4ells wereused to calibrate theansientmodel over the time
period from 1930 to 201@For the 11,38 observed hydraulic heads, which have a range of
845feet, the transient calibration producesh@an error, mean absolute error, and anoean
square error 0f4.6, 14.7, and22.6feet, respectivelyOut of the 11,378 values, 4,767 observed
hydraulic heads are from wells in the Groundwater Management Aréailtheset, 767
observed hydraulic heads, which have a range of 473 feétatiséent calibration proded a
mean error, mean absolute error, and a-no@an square error e4.6, 12.1, and17.4feet,
respectively
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Twenty-four parameters were varied for the steathte sensitivity analysis a2 were varied

for the transient sensitivity analysis. Sendiyiwf the steadystate model was assessed for the
metrics average hydraulic head in each hydrogeologic unit, hydraulic boundary fluxes, number
of additionalflooded cells, and model calibration statistics. Sensitivity of the transient model was
assessedf the metrics drawdown in the Sparta, Queen City, and Carrizo aquifers and the
Simsboro Formation, river and drain boundary fluxes, and model calibration statistics. To distill
the results into a meaningful understanding of model sensitivity, a systensedtiodology was
developed based on ranking the impact on the metrics as a result of the change in parameter
value. For the steaestate model, all metrics are masinsitiveto changes in recharge and are
alsosensitiveto the horizontal hydraulic conductivity of the Queen City Aquifer. For the
transient model, all metrics asensitiveto thepumping andorizontal hydraulic conductivity of

the Carrizo Aquifer
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2 Introduction

The Groundwater Availability Modeling Program of the Texas Water Development Board
(TWDB) provides tools for assessing groundwater availability for the major and minor aquifers
in Texas(Figures 2.0a and2.0b). Groundwater availability models are fundamentals for

helping to managgroundwater resources. House Bill 1763{T@gislature) developed a joint
planning process whereby groundwater management areas, with input from local groundwater
conservation districts, determine desired future conditionadgoifers. The&roundwater

Avalilability Modeling Progranuses the groundwater availability models to determine the
modeled available groundwater in the aquifer, which guides management-téiong
groundwater production to achieve the desired future donslit

Hueco-Mesilla Bolson
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Figure 2.0a. Major Texas aquifers (TWDB, 2006).

Note: BFZ = Balcones Fault Zone
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Figure 2.0b. Minor Texas aquifers (TWDB, 2017a).
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